The effects of body mass and temperature on metabolic rate (MR) are among the most widely examined physiological relationships. Recently, these relationships have been incorporated into the metabolic theory of ecology (MTE) that links the ecology of populations, communities and ecosystems to the MR of individual organisms. The fundamental equation of MTE derives the relation between mass and MR using first principles and predicts the temperature dependence of MR based on biochemical kinetics. It is a deliberately simple, zeroth-order approximation that represents a baseline against which variation in real biological systems can be examined. In the present study, we evaluate the fundamental equation of MTE against other more parameter-rich models for MR using an information-theoretic approach to penalize the inclusion of additional parameters. Using a comparative database of MR measurements for 1359 species, from 11 groups ranging from prokaryotes to mammals, and spanning 16 orders of magnitude in mass and a 598C range in body temperature, we show that differences between taxa in the mass and temperature dependence of MR are sufficiently large as to be retained in the best model for MR despite the requirement for estimation of 22 more parameters than the fundamental equation of MTE.
INTRODUCTION
The relationship between body mass and metabolic rate (MR) has been of interest since at least 1838 when Sarrus and Rameaux (cited in Brody [1] ) hypothesized that MR should scale in proportion to body surface area, rather than to body mass. While some studies have reported that MR scales in proportion to body mass 2/3 [2] [3] [4] , as does body surface area [5] , other studies reject this value in favour of exponents that are simple multiples of one quarter [6] [7] [8] [9] [10] . The metabolic theory of ecology (MTE) [7] combines a mechanistic explanation for quarter-power scaling and a description of the universal temperature dependence (UTD) of metabolic processes, and links individual organisms to the ecology of populations, communities and ecosystems. This is accomplished using a quantitative theory describing the relationship between body size, temperature and MR as described by the fundamental equation of MTE [6, 7] :
where i 0 is a normalization constant independent of body size and temperature, M is body mass, E is the activation energy, k is Boltzmann's constant and T is absolute temperature in Kelvin. Importantly, the fundamental equation contains only one parameter (i 0 ) that must be determined empirically. The mass exponent is derived from first principles of chemistry and physics, and the temperature term is predicted based on the kinetics of biochemical reactions that contribute to MR [6, 11, 12] . The fractal geometry model for three-fourth-power scaling is a zeroth-order approximation of real biological systems [13] , as is the MTE built it upon. These theories are not designed to capture all biological variation but are regarded as representing baselines or points of departure against which variation in real biological systems can be examined [7, 13, 14] . In such a role, the strength of MTE lies in its ability to predict a wide range of ecological patterns [7, [15] [16] [17] [18] [19] , its grounding in first principles (although some contention exists about the extent to which this holds for the temperature term: [20, 21] ), and its deliberate simplicity [14] . This contrasts with other theories also grounded in first principles (e.g. dynamic energy budget theory; [22] ) that include many more variables than MTE, and have been criticized on the grounds that they are therefore less parsimonious [23] . Implicit in such a criticism is the idea that a model should be evaluated not only on how well it fits available data, but that comparisons of alternative models should incorporate information about how many parameters are required to describe the data. Such ideas form the basis of informationtheoretic approaches to model comparison [24] [25] [26] , in which the best of a candidate set of models is not necessarily the one that provides the best absolute fit to the data, but the one that provides the most acceptable fit with the least parameters.
In an information-theoretic framework, and in contrast to most analyses of metabolic scaling [4, [27] [28] [29] [30] [31] [32] [33] , the appropriateness of the M 3/4 term in the fundamental equation of MTE is not assessed by calculating a scaling exponent (b) for a dataset and determining if the 95% confidence interval of the exponent excludes or includes 0.75. Instead, multiple models are constructed to explain the data. One model, following MTE, fits the theoretically predicted parameter values to the data, whereas the parameters in the other models are allowed to vary in various ways. The fits of the different models are then compared with models in which parameters are estimated being penalized for the necessary estimation of additional parameters [24] [25] [26] . Such an approach has been advocated for examination of other ecological theories [34] [35] [36] [37] [38] [39] , and has recently been used to evaluate the mass-dependent term in the fundamental equation of MTE for a limited group of metazoans [40] . The information-theoretic approach to model selection eliminates the risk that models can be accepted statistically on the basis of wide confidence intervals, a criticism levelled at some tests of metabolic theories in ecology [41] . Traditional statistical comparison of model predictions with empirical data invites a risk of failing to reject a model when it is false, because, for example, the weaker the relationship between MR and body mass, the wider the standard error of the slope and the more difficult it is to reject the model or falsify the null hypothesis.
In the present study, we use an information-theoretic approach to evaluate the fundamental equation of MTE against a range of alternative statistical models that describe variation in MR, including the extreme alternative in which free parameters describe all aspects of the mass and temperature dependence of MR for each group considered. Our aim is to determine whether a robust MTE is best underpinned by a simple parameter sparse description of the associations between mass, temperature, and MR (the fundamental equation of MTE), or whether more complex models describe sufficient extra detail to justify the inclusion of extra parameters. The alternative models that we consider include a range of mass and temperature dependencies of MR as well as their interactions: (i) b is fitted statistically, but does not vary between groups; (ii) b is fitted statistically, but varies between groups (i.e. the model includes an interaction between lnM and group); (iii) the UTD term (e
2E/kT
) is replaced with a Q 10 term that describes the factorial increase in MR associated with a 108 increase in temperature, to test the assumption that UTD is a more biologically realistic and accurate representation of temperature dependence [6] ; (iv) the temperature dependence of MR (either UTD or Q 10 ) varies between groups (i.e. an interaction between temperature and group); (v) both b and the temperature dependence of MR vary between groups (i.e. interactions between mass and group and between temperature and group); and (vi) both b and the temperature dependence of MR vary between groups, and the temperature dependence of MR depends on mass (i.e. interactions between mass and group, between temperature and group, and between mass and temperature). To test among the candidate set of models (table 1) , data were compiled for 1359 species, including prokaryotes, protists, arachnids, insects, fishes, amphibians, reptiles, birds and mammals, spanning a mass range of 16 orders of magnitude. A total of 3622 measurements of MR were obtained at body temperatures ranging from 18C to 608C.
METHODS
The goodness of fit of the set of candidate models (table 1) to a database comprising 3622 measurements of MR for 1359 species of prokaryotes, protists, arachnids, insects, fishes, amphibians, reptiles, birds and mammals was assessed using Akaike's information criterion (AIC) as a measure of model fit [26] . The database was assembled using published compilations of data for MR [4, [42] [43] [44] [45] , and data for MR were included only if they were accompanied by appropriate estimates of temperature (ambient or body temperature for ecotherms; body temperature for endotherms). We included all data available in the published compilations that satisfied these conditions. Multiple values were available for some species (particularly ectotherms) that were measured at multiple temperatures and/or stages of development; all of these values were included in the analysis. The dataset includes species spanning 16 orders of magnitude range in body mass, and measured at body temperatures ranging from 18C to 608C (see the electronic supplementary material). Mass and MR were log e transformed for analysis, and the relationship between log e MR, log e M and Scaling exponent or temperature dependence constant between groups. c Fixed at three-fourth for all groups following theoretical predictions [11, 12] and the fundamental equation of MTE [6, 7] . d Fixed at 27.4 K for all groups based on an average activation energy for metabolic reactions of 0.6 eV, following MTE [6, 7] .
Metabolic scaling and thermal dependence C. R. White et al. 3617 temperature (degree Celsius for calculation of Q 10 values or 1000/kT with T in Kelvin for calculation of UTD values) was calculated using general linear modelling in JMP v. 8.0 or v. 9.0.2 (SAS Institute, Cary, NC, USA). Log-likelihoods were calculated according to Burnham and Anderson [26] , and the best out of all of the models tested to explain MR was that with the lowest AIC. The probability that any given model is actually the best fit out of those tested was measured by its Akaike weight [26] , the relative likelihood of the model compared with all others (the likelihood of the model divided by the sum of the likelihoods of all other models).
Following the analyses upon which MTE is based [6 -8] as well as other comparative analyses of similarly diverse datasets [45] , we do not incorporate phylogenetic information in the analysis. Meta-analyses of allometric scaling exponents have revealed little qualitative differences between phylogenetic and non-phylogenetic analyses [28] , and the major conclusions of the present study are consistent with a number of recent phylogenetically informed studies of mammals [29] [30] [31] . Thus, while we consider that the inclusion of phylogenetic information would be unlikely to alter the conclusion, we nevertheless suggest that the analysis be repeated when appropriate trees become available.
RESULTS AND DISCUSSION
The fundamental equation of MTE is considerably less likely to provide the best fit to the data than the best model, which described MR in terms of a mass scaling exponent that varied between groups (figure 1) and a Q 10 value that also varied between groups (figure 2). This is despite the best model being penalized for the additional 22 parameters required to describe the overall mass and temperature dependence of MR, as well as to describe the unique mass and temperature dependences of each group (figures 1 and 2) . Overall, models that described the temperature dependence of MR using Q 10 values provided a better fit to the data than models describing the relationship according to UTD, although the difference was small (table 1) .
With data for prokaryotes, which show the most extreme values of b (figure 1) and Q 10 (figure 2) excluded, the best overall model (w i ¼ 0.69) described MR in terms of a mass scaling exponent that varied between groups, a Q 10 value that varied between groups, and an interaction between mass and temperature. The second best model (w i ¼ 0.17) included a mass scaling exponent that varied between groups and a Q 10 value that varied between groups, but no interaction between mass and temperature, and the third best model (w i ¼ 0.12) included a mass scaling exponent that varied between groups, a UTD value that differed between groups, and an interaction between temperature and mass. The probability that one of these three models best described the data with prokaryotes excluded is 0.97.
The appropriate method for describing the temperature dependence of MR has been the subject of lively debate [6, 20, [46] [47] [48] . It has been argued that the BoltzmannArrhenius relationship is to be preferred over the Van't Hoff (Q 10 ) equation on the grounds that the former incorporates both the general theory for the kinetics of chemical reactions and the empirically determined activation energies for the critical reactions of cellular respiration [6, 47] . Q 10 , on the other hand, is by definition an approximation of the Boltzmann-Arrhenius relationship. The functions differ by up to 15 per cent over the 'biologically relevant' temperature range [49, 50] , suggesting a clear need to chose one over the other. Such a choice is not simple, however, because the Boltzmann-Arrhenius relationship is also regarded as a phenomenological approximation [50, 51] suggesting that neither can be chosen simply on the basis of being grounded in first principles. In practice, there is also little statistical support for choosing one over the other when all data are considered, since Q 10 provides only a 1.1-fold better fit to the data than UTD. With data for prokaryotes excluded, however, Q 10 provides a 5.8-fold better fit to the data than UTD. Importantly, irrespective of the method of temperature dependence preferred, models that incorporated variation in both the scaling exponent and temperature dependence between groups provided a better fit to the data than those that did not (table 1) . Thus, the fundamental equation of MTE is unable to predict variation in the effects of temperature and mass on MR associated with major evolutionary transitions and life-history differences among groups, as has been reported previously for smaller sets of taxa [40, 45, 52 ]. The present analysis shows that these effects predominate across the spectrum of living organisms, as exemplified by a recent study demonstrating variation in the temperature dependence of a broad set of 112 physiological and ecological traits for a sample of 309 species [53] .
In summary, the present study shows that the relationship between body mass, temperature and MR cannot be adequately described by a single equation, and identifies differences in values of the scaling exponent and Q 10 between taxa and metabolic states (i.e. between hibernating and normothermic mammals; figures 1 and 2). Such differences are not captured by the fundamental equation of MTE, and the consequences of this variation can therefore not be understood by strictly adopting the fundamental equation of MTE. While the fundamental equation has been successful in explaining some ecological patterns [7,15 -19] , its failure in other cases [41,54 -58] may stem, at least in part, from an imprecise description of the effects of temperature and mass on MR. Recent work has demonstrated that variation in the mass-dependent term of MTE can be achieved [59 -62] . The best model from table 1 requires estimation of 34 parameters, so it seems likely that complex models with many terms [e.g. dynamic energy budget theory: 22] will outperform simple ones. Further statistical assessments of the reasons for variation in the scaling and temperature dependence of metabolism are therefore unlikely to improve understanding without reference to a wider set of alternative mechanistic models [63, 64] , including those which explicitly incorporate phylogenetic, ecological and spatial effects, which are significant contributors to variation in scaling and temperature dependence of MR [21, 53, 65, 66] and which may be difficult to distinguish [67] . The ability of more parameter-rich theories for the mass and temperature dependence of MR to explain ecological patterns should also be explored.
